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of negative and positive ions. A separate power (152) source alternates between high and low power cycles to accelerate ions toward the 
substrate (107) being etched. In one embodiment, a strong bias is applied to the substrate in short bursts. Multiple burst occur during the 
average transit time for an ion to cross the plasrna sheath and reach the substrate surface. Ions arc pulsed toward the surface for etching. 



I: <WO 97 1 4 1 77A 1 J^> 



FOR THE PURPOSES OF INFORMATION ONLY 

Codes used to identify States party to the PCf on the front pages of pamphlets publishing international 
applications under tl^ie PCT. 



AM Armenia 

AT Austria 

AU A usual ia 

BB Barbados 

BK Belgium 

BF Burkina Faso 

BC Bulgaria 

BJ Benin 

BR Brazil 

BY Be-;.i:..3 

CA Can;vJa 

CF Central African Republic 

CC Congo 

ClI Switzertarul 

CI C&c d' (voire 

CM Cameroon 

CN China 

CS Czechoslovakia 

CZ Czech Republic 

DE Ccnnaiiy 

DK Denmark 

KR Estonia 

ES Spain 

FI Finland 

FK Frajice 

Ca Gabon 



CB United Kingdom 

Georgia 

CN Guinea 

CR Greece 

HU Hungary 

lE Ireland 

IT Italy 

JP Japan 

KE Kenya 

KG Kyrgysid/i 

KP Dcmocracic People's Republic 

of Korea 

KR Republic of Korea 

KZ Kazakhstan 

l>I Liechtenstein 

LK Sri Lanka 

LR Liberia 

LT Lithuania 

LU Luxembourg 

LV Latvia 

MC Monaco 

MO Republic of Moldova 

MG Madagascar 

ML Mali 

MN Mongolia 

^*R Maurit^ia 



MW 


MaJawi 


MX 


Mexico 


NE 


Niger 


NL 


Ncibcrlands 


NO 


Norway 


NZ 


New Zealand 


PL 


Poland 


PT 


Ponugal 


RO 


Romania 


RU 


Russian rederdiion 


SD 


Sudan 


SE 


Sweden 


SG 


Singapore 


SI 


Slovenia 


SK 


Slovakia 


SN 


Senegal 


sz 


Swaziland 


TO 


Chad 


TG 


Togo 


TJ 


Tajikistan 


n 


Trinidad and Tobago 


UA 


Ukraine 


uc 


Uganda 


us 


United States of America 


uz 


Uzbekistan 


VN 


Vict Nam 



BNSDOCID: <WO ^9714177AlJ_> 



WO 97/14177 PCT/US96/16138 



APPARATUS AND METHOD FOR PULSED PLASMA PROCESSFNG 
OF A SEMICONDUCTOR SUBSTRATE 

Background of.Thc Invention 

1. Reference to Related Application 

The present application claims priority from provisional application no. 60/005,288 
filed October 13, 1995. Provisional application no. 60/005,288 is hereby incorporated herein 
by reference in its entirety. 
5 2. Field of th e Invention 

The field of the invention relates generally to semiconductor processing. More 
particularly, the field of the invention relates to an apparatus and method for pulsed plasma 
etching of a semiconductor substrate 
3. Description of the Related Art 

10 Plasmas have been used in a variety of processes for the manufacture of integrated 

circuit devices including etching, stripping of photoresist and plasma enhanced chemical 
vapor deposition. The plasma is created by providing energy to a gas in a reactor chamber. 
The plasma consists of two qualitatively different regions: a quasi-neutral, equipotential 
conductive plasma body and a boundary layer called the plasma sheath. The plasma body 

1 5 comprises a plurality of mobile charge carriers and thus is a conductive medium. Its interior 
generally has a uniform electric potential. A plasma cannot exist for long in direct contact 
with material objects and rapidly separates itself from objects by fonu.r-.g a non-neutral 
sheath. The sheath is an electron deficient, poorly conductive region having a strong 
electric field This electric field typically extends perpendicularly between the plasma body 

20 and any interface with material objects, such as reactor walls and wafers placed within the 
reactor. 

Plasma reactors typically provide energy to the gas in the reactor chamber by 
coupling RF electric power into the chamber. The RF power coupled into the reactor 
chamber ionizes, dissociates, and excites molecules within the plasma body. In particular, 
25 the RF power provides energy to free electrons in the plasma body. Ionization occurs when 
an energized free electron collides with a gas molecule cau^^ing the gas molecule to ionize 
Dissociation occurs when an energized free electron collides with a gas molecule, such as 
O,, causing the molecule to break into smaller molecular or atomic fragments, such as 
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atomic oxygen, for example. Excitation occurs when the collision does not break molecular 
bonds but rather transfers energy to the molecule causing it to enter an excited state 
Control of the relative amounts of ionization, dissociation, and excitation depends upon a 
variety of factors, including the pressure and power density of the plasma. The plasma body 
5 typically consists of radicals, stable neutral particles and substantially equal densities of 
negatively and positively charged particles. 

Plasmas may be particularly useful for anisotropic etching of a semiconductor 
substrate. Anisotropic etching is etching that occurs primarily in one direction, whereas 
isotropic etching is etching that occurs in multiple directions. Anisotropic etching is 
desirable for manufacturing integrated circuit devices, because it can be used to produce 
integrated circuit features having precisely located sidewalls that extend substantially 
perpendicularly from the c.'ges of a masking layer. This precision is important in devices 
that have a feature size and spacing comparable to the depth of the etch. 

To accomplish an anisotropic plasma etch, a semiconductor substrate such as a 
wafer may be placed in a plasma reactor such that the plasma sheath forms an electric field 
perpendicular to the substrate surface. This electric field accelerates ions perpendiculariy 
toward the substrate surface for etching One conventional approach to anisotropic plasma 
etching uses parallel planar electrodes. Often, the lower electrode acts as a pedestal for a 
wafer. RF power is applied to the electrodes to produce a plasma and accelerate ions 
20 toward the wafer surface. 

The crystalline silicon or thin insulating layers of some modem integrated circuit 
designs may be damaged by high energy ion bombardment, so it may be necessary to 
decrease the RF power applied to the electrodes for lower ion energy etch processes. 
Decreasing the RF power. !. wever. will redi.ce the ion density in the plasma. Decreased 
25 ion density usually decreases the etch rate. 

Inductively coupled reactors have been used to overcome this problem by using 
separate RF coupling mechanisms (and therefore sep . . ate power sources) to control the ion 
density and ion bomba.-.'^nent ertergy Power is applied to an induction coil surroundmg the 
reactor chamber to inductively couple power into the chamber to produce the plasma The 
inductively coupled power accelerates electrons circumferentially within the plasma and 
generally does not accelerate charged particles toward the wafer which is placed below the 
plasma. The level of power applied to the induction coil may be adjusted to control the ion 
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density in the plasma Some power from the induction coil may be capacitiveiy coupled into 
the plasma, however, and may accelerate ions toward the walls and the wafer. To reduce 
this capacitive coupling a split Faraday shield may be placed around the reactor. See U.S. 
patent application serial no. 07/460,707 filed January 4, 1990, which is assigned of record to 
5 the assignee of the present application and which is hereby incorporated by reference A 
separate source of power may be applied to a wafer support to accelerate ions toward the 
wafer for etching. A relatively high level of power may be applied to the induction coil to 
provide a plasma with a high ion density, and a relatively low level of power may be applied 
to the wafer support to control the energy of ions bombarding the wafer surface As a 
10 result, a relatively high rate of etching may be achieved with relatively low energy ion 
bombardment. 

While low energy ion bombardment may reduce damage to sensitive layers of the 
integrated circuit, other problems may be encountered which interfere with the anisotropic 
nature of the etch. In particular, low energy ions may be deflected by charges that 

1 5 accumulate on the wafer or mask surface during etching. 

This charge buildup may result from the relatively isotropic motion of electrons in 
the plasma as opposed to the anisotropic motion of the ions. The normal thermal energy of 
the plasma causes the electrons to have high velocities because of their low mass. These 
high velocity electrons collide with molecules and ions and may be deflected in a variety of 

20 directions, including toward the wafer surface While the negative bias on the wafer tends 
to repel electrons, the liigh velocity of some electrons overcomes this negative bias. The 
electrons are deflected in a variety of directions and have a relatively isotropic motion. As a 
result, electrons deflected toward the wafer surface tend to accumulate on elevated surfaces 
of the wafer or mask layer, rather than penetrating to the depths of narrow wafer features 

25 (which would require a perpendicular, anisotropic motion). 

Ions, on the other hand, have a large mass relative to electrons and do not have high 
random velocities. Rather, the bias on the wafer support accelerates ions perpendicularly 
toward the wafer surface. This anisotropic acceleration allows ions to penetrate to the 
depths of narrow wafer features more readily than electrons 

30 As a result, negatively charged electrons tend to accumulate on the upper surfaces of 

the wafer or mask layer, while positively charged ions tend to accumulate in the recessed 
regions of the wafer that are being etched. These accumulated charg.-> may form small 
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electric fields, referred to as "micro fields." near integrated circuit features on the wafer 
surface. While these small electric fields may have little effect on high energy ions, they may 
deflect low energy ions used in low energy etch processes for small integrated circuit 
features. The negative charge on the substrate or mask surface tends to attract positively 
5 charged ions, while the positive charge in recessed regions tends to repel these ions. As a 
result, low energy ions falling into recessed regions between features may be deflected into 
feature sidewalls. thereby undercutting the mask layer. This undercutting can degrade the 
anisotropic etch process and inhibit the formation of well-defined features with vertical 
sidewalls. 

Therefore, what is needed is an improved anisotropic etch process. Preferably such 
a process will allow low energy ions to be used for etching small integrated circuit features 
while substantially eliminating the problems associated with charge buildup on the wafer 
surface. Preferably such a process will enable the manufacture of small mtegrated circuit 
features with well-defined vertical sidewalls. 
'5 Summary 

Aspects of the present invention provide an improved etch process. One aspect of 
the present invention provides a power source that alternates between high and low power 
cycles to produce and sustain a plasma discharge. Preferably, the high power cycles couple 
sufficient power into the plasma to produce a high density of ions (ilC'cnv') for etching 
20 Preferably, the low power cycles allow electrons to cool off to reduce the average random 
(thermal) electron velocity in the plasma. Preferably, the low power cycle i.q limited in 
duration as necessary to prevent excessive plasma loss to the walls or due to recombination 
of negative and positive ions During the low power cycles the power may be off 

It is an advantage of these and other aspects of the present invention that average 
25 electron thermal velocity is reduced, so fewer electrons overcome the plasma sheath and 
accumulate on substrate or .ask layer surfaces. As the plasma electrons cool, the sheath 
potential decreases which allows the plasma to move closer to the substrate surface and 
positive ions flow to the wafer surface which neuti ilizes charges that have accu-.t.ulated on 
elevated surfaces as well as within the depths of recessed features. 
30 Another aspect of the present invention provides a separate power source that 

alternates between high and low power cycles to accelerate ions toward the substrate being 
etched. In one embodiment, a strong bias is applied to the substrate in short bursts. 
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Preferably, multiple burst occur during the average transit time for an ion to cross the 
plasma sheath and reach the substrate surface. During the low power cycles, the power may 
be off 

When intermittent bursts are used for the bias, ions are accelerated toward the 
5 substrate in pulsed waves. Ions striking the surface cause anisotropic etching of the 

substrate. Most ions are pulsed near the substrate surface without reaching it. During the 
low power cycles, these ions coast toward the surface and those that do not collide with 
neutral particles continue to move substantially perpendicularly to the biased surface 
During the next burst, the remaining ions in the sheath are again accelerated toward the 

10 substrate for anisotropic etching These ions are not deflected into sidewalls as readily as 
ions in conventional low energy etch processes due to reduced charge buildup and the 
relatively low duty cycle of power used to pulse ions toward the substrate surface. 

In an alternate embodiment, a lower frequency A C bias (100 kHz to 1 MHz) is 
applied to the substrate The bias may be a continuous A.C. wave or it may alternate 

15 between high power cycles (for multiple wavelengths) and low (or zero) power cycles 

Preferably, the half cycles of the AC. waveform are at least equal to the ion transit time for 
ions in the sheath region. When a low frequency A.C. bias is used, negative and positive 
ions are alternatively accelerated toward the sub^;trate for etching. Since the etch alternates 
between negative and positive ions, charge buildup on the substrate surface is avoided. 

20 Preferably, the above aspects of the present i ' vention are combined into a single low 

ion energy, anisotropic etch process with reduced charge buildup and improved feature 
definition. 

Brief Descrifr :iQn of the Dr a wing s 

Figure 1 illustrates a wafer processing system according to a first embodiment of the 
25 present invention. 

Figure 2 is a simplified top plan view of the wafer processing system according to 
the first embodiment, 

Figure 3 shows an exemplar^' power signal that may be applied to an induction coil 
in the wafer processing system according to the first embodiment; 
30 Figure 4 shows an alternative power signal that may be applied to an induction coil 

in the wafer processing system according to the first embodiment; 
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Figure 5 is a schematic diagram illustrating an exemplary circuit that may be used to 
generate the power signal of Figure 4; 

Figure 6 shows a power signal that may be used to control ion bombardment in the 
system according to the first embodiment; 
5 Figure 7 shows an alternate power signal that may be used to control ion 

bombardment in the system according to the first embodiment; and 

Figure 8 is a side view of a split Faraday shield that may be used in the system 
according to the first embodiment. 

DetflilpH Hftsfrip^i^n 
Aspects of the present invention provide a novel apparatus and method for 
processing semiconductor substrates. The following description is presented to enable a 
person skilled in the art to make and use the invention. Descriptions of specific applications 
are provided only as examples Various modifications to the preferred embodiment will be 
readily apparent to those skilled in the art, and the generic principles defined herein may be 
applied to other embodiments and applications without departing from the spirit and scope 
of the invention Thus, the present invention is not intended to be limited to the described 
or illustrated embodiments, but should be accorded the widest scope consistent with the 
principles and features disclosed herein. 

In one embodiment of the present invention, two power sources are used for 
20 anisotropic plasrm etching. A first power source is used to produce a st ..hie plasma 
discharge with a desired ion density. The first power source is preferably applied to an 
induction coil which inductively couples power into the plasma The second power source 
is used to bias the substrate bei.-.g etched Preferably, the substrate is positioned below the 
plasma region substantially parallel to the direction of the induction electric field produced 
by the induction coil The second power source may be applied to a planar electrode that 
acts as a support for the wafer. 

In this embodiment, the inductively coupled power alternates between high and low 
power cycles to produce and sustain a plasma discharge. The high power cycles couple 
sufficient power into the plasma to produce a high density of ions for etching. The low 
power cycles allow electrons to cool off to reduce the average electron thermal velocity in 
the plasma. Typically, the low power cycle is longer than the high power cycle and the 
plasma exists primarily in the "after glow" state. The duration of the low power cycle is 
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limited, however, so electrons and ions do not recombine or fall to walls in such large 
numbers that the ion density is insufficient for the desired etch rate, or makes the plasma 
hard to reignite. 

The low power cycles reduce the average electron thermal velocity in the plasma, so 
5 fewer electrons overcome the plasma sheath and accumulate on substrate or mask layer 
surfaces. As the plasma cools, the sheath potential and width decrease which causes the 
plasma to approach closer to the substrate surface and reduces the voltage to which electron 
charges accumulate on elevated (resist-covered) surfaces. Thus, alternating the inductively 
coupled power reduces the charge buildup on substrate surfaces, as it reduces the floating 
10 potential 

In one embodiment, the bias on the substrate also alternates between high and low 
power cycles to accelerate ions toward the substrate for anisotropic etching. A strong bias 
is applied to the substrate in short bursts. Preferably, multiple bursts occur during the 
average transit time for an ion to cross the plasma sheath and reach the substrate surface. 

15 The amplitude of the bursts is typically greater than the amplitude of continuous RF biases 
used in conventional low energy etch processes. 

The ahemating bias accelerates ions toward the substrate during pulses only. During 
high power bursts, ions accelerate toward the substrate. Most ions are accelerated toward 
the substrate surface without reacliing it. During the low power cycles, these ions retain 

20 their anisotropic motion and those that strike elevated surfaces help to neutralize them. 
During the next burst, the remaining ions near the substrate surface are again accelerated 
toward the substrate for anisotropic etching. These ions, when they finally strike the 
surface, are not deflected into sidewalls as readily as ions in conventional low energy etch 
processes due to reduced charge buildup and the low duty cycle of power used to pulse ions 

25 toward the substrate surface. 

In an alternate embodiment, a lower frequency A.C. bias (100 kHz to 1 MHz) is 
applied to the substrate. The bias may be a continuous A C. wave or it may alternate 
between high power cycles (for multiple wavelengths) and low (or zero) power cycles 
Preferably, the half cycles of the A C. waveform are at least equal to the ion transit time for 

30 ions in the sheath region. When a low frequency A C. bias is used, negative and positive 
ions are alternatively accelerated toward the substrate for etching. Since the etch alternates 
between negative and positive ions, charge buildup on the substrate surface is avoided. 

-7- 
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The pulsed plasma discharge and pulsed or low frequency A C. substrate bias 
combine to provide a low ion energy, anisotropic etch process with reduced charge buildup 
and improved feature definition 

Figure 1 illustrates a side cross-sectional view of an inductively coupled plasma 
5 reactor system 1 00 according to a first embodiment of the present invention. The system is 
used for etching semiconductor substrates such as wafers or the like to form small 
integrated surface features with well-defined sidewalls. In particular, the system may be 
used to anisotropically etch small integrated circuit features that have a width on the order 
of or less than the depth of the etch. The system 100 uses two cylindrical plasma generation 
1 0 chambers 1 02a and 1 02b side by side. Similar components are used in each of the plasma 
generation chambers 102a and 102b. These components are identified using the same 
reference numeral for each chamber, except that the suffixes "a" and "b" have been added to 
differentiate between components for generation chamber 102a and 1 02b, respectively. The 
elements of this embodiment may also be referred to generally by their reference numeral 
1 5 without any appended suffix. As shown in Figure 1 , the two generation chambers use 

substantially duplicate elements and operate substantially independently. They do, however, 
share a gas supply system 104, an exhaust system 106 and a substrate processing chamber 
108. The system 100 allows concurrent processing of two wafers which doubles 
throughput. In particular, the system 100 is configured for use in conjunction with the 
20 AspenTM wafer handling system from Mattson Technology, Inc Of course, it will be readily 
apparent that aspc- ' •; of the present invention may be used in any variety of plasma 
processing systems including systems with single or multiple plasma generation chambers 

System 100 allows ion bombardment energies to be controlled substantially 
independently of the ion current density. Induction coils 124 encircle the plasma generation 
25 chambers 102 These induction coils are connected to first power sources 1 50. A separate 
electrode 1 12 acts as a substrate support adjacent to which semiconductor wafers 107 are 
placed for processing. While a single electrode 1 12 is used for both wafers 107a and 107b, 
separate electrodes may be used for each wafer. Electrode 1 12 is coupled to a second 
power source 152. The power applied to electrode 1 12 is used to control ion bombardment 
30 energies, while the power applied to induction coils 1 34 is used to control ion current 
density. 
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As described above, problems associated with charge buildup are avoided by using 
high and low power cycles on the induction coil 124 and the electrode 112 In an exemplary 
configuration, the first power source applies RF power to the induction coil 1 12 during high 
power cycles and applies no power during low power cycles. RF power at 13.56 MHz is 
5 typically used, although other frequencies may be used as well. The high power cycles 
typically last anywhere from 5 to 100 microseconds and the low power cycles typically last 
from 30 to 1000 microseconds. The duration of the high power cycles is typically less than 
or equal to the duration of the low power cycles The duty cycle of the high power cycles is 
typically greater than or equal to 10%. The above configuration is exemplary What is 

10 desired is a high power cycle that sustains a plasma discharge with sufficient ion density for 
the desired etch rate, and a low power cycle that allows electrons to cool without reducing 
the ion density below the level required for etching and without making it difficult to sustain 
the plasma discharge with the next high power cycle. 

In the exemplar}' configuration, the second power source applies a strong negative 

1 5 voltage pulse to the electrode during high power cycles and applies little or no voltage 

during low power cycles. During the high power cycles, the second power source applies a 
negative bias of from 20 to 500 volts on the electrode A single square, triangular or 
sinusoidal pulse may be used to provide the bias during each high power cycle The 
duration and frequency of the pulses are typically selected such that several pulses occur 

20 during the average transit time for an ion to cross the plasma sheath and reach the substrate 
surface. These pulses cause the substrate to be etched by ions whivh are mainly "coasting" 
to the surface The duration of the pulses typically range from 1% to 10% of the average 
ion transit time with typical values in the range of from about 0.02 to 0.2 microseconds 
The frequency of the pulses typically ranges from 500 kHz to 60 MHz The above 

25 configuration is exemplary What is desired is an intermittent bias on the substrate that 
alternates between ion acceleration cycles that accelerate ions toward the substrate for 
anisotropic etching and charge neutralization cycles that neutralize or remove charges that 
have acci lulaled on the substrate surface. 

In an alternate embodiment, a lower frequency A C. bias (100 kHz to 1 MHz) is 

30 applied to the substrate. The bias may be a contiivtous A C. wave or it may alternate 
between high power cycles (for multiple wc^velengths) and low (or zero) power cycles 
Preferably, the half cycles of the A C. waveform are at least equal to the ion transit time for 
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ions in the sheath region. When a low frequency A C. bias is used, negative and positive 
ions are alternatively accelerated toward the substrate for etching Since the etch alternates 
between negative and positive ions, charge buildup on the substrate surface is avoided 

The structure and operation of the substrate processing system 100 according to the 
5 first embodiment of the present invention will now be described in detail. In the present 
embodiment, two semiconductor substrates such as wafers 107 may be placed in a 
processing chamber 108 for etching. The processing chamber 108 is rectangular, and has a 
height, hi. of approximately 25 cm. Figure 2 shows a simplified top plan view of the 
reactor system according to this embodiment. Referring to Figure 2. the width 202 of the 
10 processing chamber is approximately 60 cm. The depth 204 of the processing chamber 
measured from the outside of processing chamber wall 1 10 is approximately 35 cm The 
plasma generation chambers 102a and 102b are positioned above the processing chamber 
and have an outer diameter 206 of approximately 30 cm for 8 inch wafers (40-45 cm for 12 
inch wafers) The plasma generation chambers are separated by a distance 208 of 
1 5 approximately 28 centimeters from center to center for 8 inch wafers. 

Referring to Figure 1, the processing chamber wall 1 10 is grounded. The processing 
chamber wall 1 10 provides a common ground for the system and comprises a conductive 
material such as aluminum or the like. Within the processing chamber is a powered 
electrode 1 12 that acts as a support for wafers 107 or other substrate to he processed. This 
20 electrode 1 1 2 may also be made in part of alt-.^iinum. The electrode is supported by a 
ceraaiic support 113. 

As shown in Figure 1. below ceramic support 113 is a gas exhaust system 106 The 
gas exhaust system 106 may be driven by a conventional fan, pump or similar dev- The 
exhaust system 1 06 has a throttle valve 1 1 5 for regulating the gas flow in the exhaust 

25 system 106. A shut valve 1 14 is also provided. 

The top surface 109 of processing chamber 108 is approximately 3-5 cm above the 
surface of wafers 107. The plasma generation chambers have a height, h2, of approximately 
15-25 cm and. as shown in Figure 2, have an outer diameter 206 of approximately 30-45 
cm. Referring to Figure 1. the plasma generation chamber walls 1 16 are made of a 

30 nonconductive material such as quartz or alumina and have a thickness of approximately 4 
to 6 millimeters. The plasma generation chambers are covered by lids 1 1 7. The gene ration 
chambers 102a and 102b are separated by a partition 118 comprising a thin (approximately 

-10- 
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1/16 inch thick) sheet of aluminum. The partition may be an integral part of a safety cage 
that encloses the generation chambers and the induction coils to prevent radiation from 
entering the surrounding environment. For purposes of clarity, the safety cage is not shown 
in Figure 1 . 

5 A gas supply system 104 is provided above the plasma generation chambers 102. In 

the center of each chamber is an input pipe 120 that provides gases (such as oxygen, SF^. 
CHFCi,, argon or the like) to the plasma reactor chambers The gas supply system 104 and 
the gas exhaust system 106 cooperate to maintain a gas flow and pressure in the generation 
chambers that promotes ionization given the strength of the induction electric field For a 

10 SFg/Ar gas b;^'^>ed process (i.e., silicon etch), pressures in the range of 5-20 millitorr are 
used, with 7-10 millitorr being preferred. In the first embodiment, SF^ gas is provided to 
each generation chamber at between approximately 10 to 50 standard cubic centimeters per 
minute, with 30 standard cubic centimeters per minute being typical. In addition, about 100 
to 200 standard cubic centimeters of argon are provided to each generation chamber. The 

15 pressure in each chamber is maintained at less than about 30 millitorr with a pressure in the 
range of about 7-10 millitorr being typical. It is believed, however, that total flow rates 
from 50 standard cubic centimeters per minute up to 300 standard cubic centimeters per 
minute may be used effectively in this embodiment 

The induction coils are connected to first power sources 1 50 through conventional 

20 impedance match networks (not shown) In the present embodimer-l, the induction coils 
124a and 124b each have three turns The induction coils 124a and 124b may have a 
conductor diameter of approximately 1/4 inch, and be separated turn-to-turn by about 3/8 to 
5/8 of an inch from center to center. The diameter from the center of each coil on one side 
of a plasma generation chamber to the center of the coil on the other side of the plasma 

25 generation chamber is approximately 13 inches for 8 inch wafers (about 15 inches for 12 
inch wafers). In this embodiment, the center of the middle turn of the induction coil is 
approximately 8 cm from the top of the plasma reactor chamber for 8 inch wafers; (about 12 
cm for 12 inch wafers) and approximately 3-5 cm from the top of the processing chamber 
108. This allows a plasma to be generated and substantially conH-icd near the surface of the 

30 wafers 107. The center of this middle turn is positioned approximately 12 centimeter from 
the wafer surface for 8 inch wafers (about 16 cm for 12 inch wafers). 

-1 1- 

BNSDOCID: -=WO ^97 1 4 1 77A 1 J_> 



> PCT/US96/16138 

In the first embodiment, the induction coils couple energy into the plasma generation 
chambers 102 during high power cycles to produce a plasma. During high power cycles the 
induction coils produce a circumferential electric field in the plasma generation chambers 
that is substamially parallel to the wafer surfaces. The electric field produces a plasma in 
5 the plasma generation chambers The density of the plasma reaches a peak in the center of 
an annular toroid. During low power cycles for the induction coils, the plasma sheath 
collapses and the plasma expands coming closer to the chamber walls and wafer surfaces. 

The power applied to the induction coils 124 is pulsed with a small duty cycle to 
reduce charge buildup on wafer surfaces (which may include mask layers). Figure 3 shows 
10 an exemplary power signal waveform 300 that may be applied to the induction coils in the 
system of the first embodiment. This power signal couples sufficient power in-o the plasma 
to build up and maintain a desired ion density, while allowing free electrons a "settling- 
period during which they can cooi This pulsing technique produces a plasma with much 
lower average electron thermal energies than would be possible with a non-pulsed (e.g. a 
1 5 continuous RJF) signal of the same amplitude. The lower average electron energies reduce 
the number of excess electrons that can overcome the plasma sheath voltage and accumulate 
thereby charging up wafer surfaces. As the plasma cools, the sheath potential decreases 
which allows the plasma to expand closer to the wafer surface thus better neutralizing 
accumulated charge. 

20 Referring to Figure 3, the high power cycles 306 comprise a series of RF pulses In 

the present embodiment. RF power at 13.56 MHz is used during the high power cycles 306, 
although it is believed that frequencies from 2 kllz to 40 68 MHz can be used effectively in 
system 100. The induction coils 124 couple power into the plasma during the high power 
cycles 306 The remaining portion of each period comprises a low power cycle thai does 

25 not couple significant power into the plasma. Of course, a low power RF signal may be 
applied during the low power cycles. The low power cycle should provide no more than 
several times less power to the plasma than the high power cycle, preferably at least 10 to 
100 times less. During low power cycles the average electron thermal velocity decreases. 
Preferably the high power cycles are substantially shorter than the low power cycles as 

30 reflected in the duty cycle of wa • ''orm 300. The duty cycle of waveform 300 is the period 
of the high frequency cycle 302 divided by the total period 304. The present embodmient 
has a duty cycle of about 10 percent It is believed. I.ovvcver, that duty cycles ranging from 
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about 5 percent to 30 percent may be used effectively in the first embodiment The 
minimum duty cycle is limited by the energy required to maintain the plasma and depends 
upon a variety of parameters including the chamber pressure, amplitude of the pulses, 
number of turns in the induction coil, and frequency of the RF power. The RP pulses in the 
5 high power cycles 306 preferably have a magnitude of less than about 10 kilowatts. The 
average power provided to the plasma is less than or equal to about 2 kilowatts. In 
alternate configurations, the amplitude and duty cycle should be selected to provide a 
desired average power (which typically ranges from 200 watts to 2 kilowatts) 

The duration of the low power cycle ranges from about 50 to 500 microseconds. 

10 The maximum duration is typically limited due to the power required to sustain the 

discharge If some power is applied during the low power cycles, their duration may be 
increased. In addition, when higher amplitudes are used during the high power cycles, the 
duration of the low power cycles may be slightly increased. The density of the plasma 
typically decreases during the low power cycles with a time constant on the order of 0. 1 to 1 

15 millisecond, so the ion density typically does not decrease excessively during the low power 
cycles 

In an exemplary embodiment, the high power cycle duration is 100 //s and the low- 
power cycle duration is 600 //s. During the high power cycles, a 13.56 MHz signal wkn a 
magaitude of 5 kw is applied to the induction coils 124. 

20 Figure 4 shows an alternative power signal waveform 400 that may be applied to the 

induction coils 124 in system 100. As with signal 300, signal 400 uses high and low power 
cycles to produce a plasma in the plasma generation chambw.r. Rather than using multiple 
high frequency sinusoidal pulses during the high power cycle as in Figure 3, signal 400 uses 
a single pulse during each high power cycle as indicated at 402a and 402b in Figure 4. Each 

25 pulse applies a time varying current to the induction coils 124 which inductively couples 

power into the plasma. As shovvii in Figure 4, both positive pulses 402a and negative pulses 
402b may be used. The amplitude, frequency and duration of the pulses may be varied to 
achieve desired plasma properties. The amplitude of each pulse typically ranges from 1 kV 
to 20 kV, the frequency typically ranges from 1 kHz to 10 kHz, and the duration of the 

30 pulses typically ranges from 50 fxs to 500 fis. The duty cycle is determined by dividing the 
duration of the high power cycle (indicated at 404a) by the total period (indicated at 406a). 
The duty cycle of the high power cycle typically ranges from 5% to 30%. [n the system of 
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the second embodiment, the pulses preferably have an amplitude of about 5 lew. a frequency 
of 2 kHz. and a duration of 70 /us. This provides a duty cycle of 14% During the 
remaining portion of period 406, no power (or low power) is coupled into the plasma. 

Figure 5 is a schematic of an exemplary of circuit 500 that may be used to generate 
5 signal 400. Referring to Figure 5. signal 400 is generated by feeding a square wave from a 
conventional switching power supply 1 50 through a blocking capacitor 502. Signal 400 is 
applied to the induction coils 1 24 at node V^oo 

The rise time of pulse 402a and the fall time of pulse 402b are determined by the 
amplitude of the square wave and the inductance and resistance of the induction coils 124 

1 0 (which determine the RL time constam). The fall time of pulse 402a and the rise time of 
pulse 402b are determined by the amplitude of the square wave and the capacitance of 
blocking capacitor 502 and resistance of the induction coils 124 (which determine the RC 
time constant) The rise and fall times of the pulses determine the overall duration of the 
high power cycle As will be reaJi-y apparent to one of ordinary skill in the art, the 

1 5 amplitude and fi^equency of the square wave determine the amplitude and frequency of the 
pulses. 

While two exemplary power signal waveforms 300 and 400 have been described, any 
number of signals may be used in conjunction with embodiments of the present invention. 
What is desired is a high power cycle that sustains a plasma discharge with sufficient ion 

20 density for the desired etch rate, and a low power eye that allows electrons to cool 
without reducing the ion density below the level desired for etching 

Using pulsed power to generate the plasma in the first embodiment helps decrease 
problems associated with charge buildup. The low power cycles allow electrons to cool, so 
fewer electrons are initially able to overcome the sheath potential and accumulate causing 

25 charge up on wafer surfaces In addition, the sheath potential decreases during the low 
power cycles which allows the plasma to expand close to the wafer surface. The sheath 
potential is typically 3 to 5 times the plasma electron temperature divided by the charge of 
an electron. During low power cycles, the sheath potential may decrease to much lc.-.3 than 
a volt. The smaller -.'..eath potential decreases the thickness of the sheath and reduces 

30 electric fields near the wafer allowing electrons closer to the wafer surfa- . As a result, the 
plasma is better able to neutralize charge that accumulates in various parts of the wafer 
surface. 
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Despite the low frequency power cycles, the system of the first embodiment achieves 
commercially viable etch rates. While the average power applied to the plasma is about one 
to two kilowatts, during high power cycles about 5-20 kilowatts may be applied to the 
plasma. During the high power cycles, a sufficient number of ions are generated for 
5 acceptable etch rates. The low power cycles are preferably not too much greater than the 
electron/ion, or negative ion-positive ion recombination time constant, so the ion density is 
not excessively reduced during these cycles. The low power cycles may also facilitate the 
formation of negative ions During the low power cycles, electrons reach lower energy 
levels. At low thermal energy, electrons may combine with neutral atoms or molecules to 

10 form negative ions. As will be described below, these negative ions may be used in some 
embodiments to reduce charge buildup or etch the substrate. 

When high frequency power is applied to the induction coil (as described above with 
reference to Figure 3), significant power may be capacitively coupled into the plasma in 
addition to the inductively coupled plasma. See U.S. patent application serial no. 

1 5 07/460,707 filed January 4, 1990, which is hereby incorporated by reference. See also U.S. 
patent application serial no. 08/340,696 filed November 15, 1994, which is hereby 
incorporated by reference. The capacitively coupled power modulates the plasma potential 
relative to the wafers. At the power levels used to produce a dense plasma, the plasma 
modulation may cause higher energy ion bombardment and degrade the process or damage 

20 some exposed layers on the wafer. As shown in Figure 1, a split Faraday shield 126 mav be 
interposed between the induction coil and the plasma to reduce capacitive couplmg between 
the coil and the plasma Figure 8 illustrates the structure of the split Faraday shield 126 that 
is used in the first embodiment when high frequency power is applied to the induction coils 
124. The shield 126 has vertical slots 128 that start approximately near the top of the 

25 plasma generation chambers 102 and end near the top of th< processing chamber 108. This 
allows the shield 126 to be an integral part which simply fits over the plasma reactor 
chamber. The bottom of the shield 126 may be connected to the top of the processing 
chamber to provide a common ground for the shield 1 26, 

In the first embodiment, the split Faraday shield is designed to allow some 

30 modulation of the plasma potential. This design makes it easier to ignite and maintain a 
plasma reaction in the plasma generation chambers. Nevertheless, the split Faraday shield 
blocks substantial capacitive coupling a-vd limits modulation of the plasma potential to a 
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desired amount (order of magnitude <10 volts). The number and width of slots in the split 
Faraday shield may be selected to control the level of capacitive coupling and modulation. 
The slots 128 in the shield 126 are typically about 3/16 to 3/8 wide. The induction coil 124 
surrounds the split Faraday shield around the middle portion 1 3 1 of the slots. For the split 
5 Faraday shield of the first embodiment, there are 8 slots with adjacent slots being separated 
by a distance of about 8.4 cm fi-om center to center. 

A second power source 152 is coupled to electrode 1 12 to accelerate ions toward 
wafers 107 for anisotropic etching. The power applied to the electrode alternates between 
high and low power cycles. Figure 6 shows an exemplary power signal waveform 600 that 
10 may be applied to the electrode in the first embodiment A strong negative bias is applied to 
the substrate in short pulses 601. Preferably, multiple pulses occur during the average 
transit time for an ion to cross the plasma sheath and reach the wafer surface A typical ion 
transit time is estimated to be about 1 microsecond, and the pulse duration 604 in the first 
embodiment typically ranges fi-om about 0.03 to 0.3 microseconds In the first embodiment, 
1 5 the pulses 601 have a ft-equency in the range of about 1 to 5 MH^. Alternative 
embodiments may use frequencies ranging from about 500 kHz to 20 MHz. 

Each pulse 601 is followed by a low power cycle during which a low voltage of 
opposite sign bias is applied to the electrode such that the tin^ • average voltage is nearly 
zero. In the first embodiment, the duty cycle of the pulses, as determined by the pulse 
20 duration 604 divic\-;l by the total period 606 (i.e.. the combined duration of a high and low 
power cycle), is typically in the range of about 1 0 to 20 percent Alternative embodiments 
may use duty cycles ranging from about 5 percent to 50 percent The duty cycle that is used 
with a particular embodiment will depend on a number of factors, including the desired etch 
characteristics (rate, sidewall profile, selectivity), the acceptable ion bombardment energies, 
25 the amplitude of the pulses, and other plasma characteristics such as density and plasma 
potential 

Signal 600 has a DC offset 602 on the order of one to two tenths of the absolute 
value of the amplitude of the negative pul.ses 601. The amplitude 608 of the pulses 601 is 
preferably in the range of about negative 100 to negative 300 volts. Alternate embodiments 
30 may use pulses having amplitudes in the range of from about negative 10 volts to negative 
several thousand volts. The average ion bombardment energ>- in the present embodiment, 
with three to five megapulses per second, 10 percent duty cycle, and an amplitude between - 
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100 and -200 volts is about 10 to 20 electron volts. This average ion bombardment energy 
(in combination with the low electron temperature and plasma potential) provides a low ion 
energy etch even though the pulses have large amplitudes. 

The alternating bias accelerates ions toward the wafers in pulsed waves. During the 
5 high power negative pulses, positive ions accelerate toward the wafers. Some ions are 
pulsed near the wafer surface without reaching it. During the low power cycles, these ions 
drift at constant velocity. Some may exchange charge with other particles or make large 
angle collisions. Ions flowing to the surface help neutralize any negative charge that has 
accumulated on elevated wafer surfaces During the next pulse, the remaining ions near the 

10 wafer surface are accelerated toward the wafer for anisotropic etching. These ions are not 
deflected into sidewalls as readily as ions in conventional low energy etch processes due to 
reduced charge buildup, the relatively low duty cycle of the pulses used to accelerate ions 
toward the wafer, and the low plasma potential 

The low power cycles may also reduce charge buildup by reducing the electron 

15 kinetic energy and hence the accumulated charge on exposed surfaces. In particular, the 
plasma can charge up the wafer surface to a voltage proportional to the electron 
temperature during periods when the inductively coupled power is in its low power cycle. 

A variety of alternative signals may be used to provide a pulsed bias on electrode 
1 12. For instance, a s!i£;htly positive DC bias of several volts may be used during the low 

20 bias power cycles to attract negative charge to neutralize the positive charge that has 
accumulated in the depths of recessed wafer features. Alternatively, a short low power 
positive pulse 610 may be applied to the electrode after each high power negative pulse. 
The positive pulses would last for only a small portion of the low power cycle to attract 
negative charge which builds up on recessed features of the wafer. Any positive charges 

25 would also be briefly repelled with minin^.a! effect on ion motion. During the unbiased 

portion of the low power cycle, any remaining charge would be neutralized An amplitude 
of less than about 10 volts and a duration about equal to the duration of pulses 60 1 may be 
used for these positive pulses in the first embodiment. 

In the first embodiment, the power from the second power source is applied to the 

30 electrode 1 12 using a very low inductance and stray capacitance conductor. This low- 
impedance connection causes signal pulses to be undiminished by the transmission between 
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the electrode 112 and source. This low impedance connection may be important to ensure 
that the signal pulses produce the desired bias on the electrode 

An alternate embodiment may be configured to use negative ions as well as positive 
ions for etching Negative ions tend to be formed when electrons in the plasma have low 
5 average energies The electrons tend to recombine with neutral atoms and molecules which 
are more abundant in the plasma than positive ions A low (or zero) power should be 
applied to the induction coils during the low power part of the cycle to promote the 
formation of negative ions. Positive and negative ions may be used for etching by applying 
both negative and positive biases to the wafer. If the plasma potential is too high, however, 
10 the negative ion density will be too low to contribute significantly to etching 

When the inductively coupled power is adjusted to produce a plasma with a large 
number of negative ions, a lower fi-equency sinusoidal power signal may be applied to 
electrode i 12 to alternatively accelerate positive and negative ions toward the wafer 
surface Figure 7 shows an exemplary signal 700 shown in Figure 7, signal 70D has 
1 5 both positive and negative portions relative to DC oaset 70 1 (which is preferably zero). 
Positive ions will be accelerated toward the wafer during portions of the signal having a 
negative voltage, and negative ions will be accelerated toward the wafer during portions of 
the signal having a positive voltage. Thus, both positive and negative ions may be used for 
etching. Signal 700 has a frequency of about 50 kHz to 1 MFk, although other frequencies 
20 may be used as well. The signal does not have to be symmetric about DC offset 701 It may 
be desirable to have a longer negative : .;as - a larger amplitude if there are more positive 
ions available for etching. A self-b>as develops in this case. In ad :..:,on, the negative and 
positive pulses may be separated by a period hav.r.g no bias to allow charge to neutralize on 
the wafer surface. Alternatively, a square or triangular power signal waveform with both 
25 negative and positive portions may be used to accelerate positive and negative ions for 
etching. 

While this invention has been described and illustrated with reference to particular 
cPbodiments. it will be readily apparent to those skilled in art that the scope of the 
present invention is not limited to the disclosed embodiments but. on the contrary, is 
30 intended to cover numerous other modifications and equivalent arrangements which are 
included within the spirit and scope of the following claims. 
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What is claimed is: 



I . A plasma reactor for anisotropically etching a semiconductor substrate comprising: 
5 a reactor chamber for producing a plasma, 

an induction coil surrounding at least a portion of the reactor chamber; 
a first power source coupled to the induction coil such that the induction coil 
couples power into the plasma using both high power cycles and low power cycles, 
the substrate being positioned adjacent to the plasma, and 
10 a second power source applying an intermittent bias to the substrate to accelerate 

ions toward the wafer for etching. 



2. The plasma reactor of claim 1 wherein the plasma has a potential and an ion density, the 
potential of the plasma is substantially larger during the high power cycles than during the 
1 5 low power cycles, and the ion density of the plasma during the high power cycles is within 
an order of magnitude of the ion density of the plasma during the low power cycles. 
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